The degree of orientation of highly excited rotational states of molecular fragments produced by photodissociation with circularly polarized light is studied quantum mechanically. It is shown that a significant orientation of the fragments' angular momentum j can be obtained when two or more dissociative continua correlated to the same final state of the products are excited simultaneously. In addition, the coherently excited continua should correspond to different helicity states, that is, to different projections of j on the reaction coordinate R (the vector joining the centers of mass of the fragments). The particular cases of an initial total angular momentum equal to zero as well as the axial recoil limit are discussed. The theory is applied to a simplified model of the photodissociation ofICN in the A continuum. The calculations have been performed by integration of the time independent quantum closecoupling equations for the coupling between the rotation of CN and the reaction coordinate R, using recently proposed potential energy surfaces and couplings. The results reproduce qualitatively the experimental results of Hasselbrink, Waldeck, and Zare [Chem. Phys. 126, 191 (1988)], in particular, the change of sign and the large degree of orientation found for highly excited rotational states of the CN fragments.
I. INTRODUCTION
There has been growing interest in the last years on the study of vector properties such as the alignment and orientation of photofragment angular momenta in order to obtain the most detailed information on the dynamics of photodissociation.
1 Alignment and orientation of the fragment angular momentum j refer to a nonstatistical distribution of the population of the mj sublevels associated to the projections ofj on the space-fixed frame defined by the photon field. The degree of orientation is defined by the average value of mj and hence it is zero when positive and negative mj sublevels have equal populations. Because of symmetry, orientation of j can only be obtained by the use of circularly polarized light.
The first evidence for orientation of atomic fragments in the dissociation of diatomic molecules has been given by Vasyutinskii. 2 The oriented ground state cesium atoms produced in the photodissociation of CsI molecules by circularly polarized UV radiation were monitored by optical dichroism. More recently, oriented ground state TI atoms were produced by dissociating TlBr and in this case it has been shown that nonadiabatic effects in the excited electronic states have a profound influence on the degree of orientation. fects due to simultaneous excitation of several continua has been demonstrated.4-1O One particular striking example is the anomalous polarization of the Ca*( Ip) fluorescence observed in the photodissociation of Ca 2 . 4.5 This effect is due to the interference between the emission from the coherently populated A = ± 1 states in the dissociation through a IT electronic manifold. Consider a diatomic molecule AB excited by photon absorption to a dissociative I IT state leading to A *ep) + BeS) fragments. If the dissociation proceeds adiabatically, the excited A * (Ip) fragment will be populated exclusively in the magnetic sublevels A = ± 1 and it is fully aligned in the molecular frame. Since the absorption probability has a Id'iW dependence and d is strongly correlated to the internuclear axis R (for a diatomic molecule d is parallel to R for a L -> L or IT -> IT transition, and perpendicular to R for a L -> IT transition), A * ( 1 P) is partially aligned in the space fixed frame even after averaging over all possible orientations of the internuclear axis. In addition, the fluorescence from the excited A * ( I P) fragment is dramatically affected by the interference between the emissions from the two coherently excited A = ± 1 magnetic sublevels. In the case ofCa 2 for instance, the predicted degree of polarization is 0.78 (in good agreement with the experimental value) but it drops to a merely .14 if the interference terms are not taken into account. 4 • 5
Other coherent excitation effects can also be of importance. Consider the case discussed above, namely, a mole-cule dissociating into A *CP) + BCS) fragments. Two molecular singlet states ( I IT and I ~) are correlated to this limit. They can both be excited by optical absorption from a I ~ ground state and they will be coherently populated. Since the I IT state produces adiabatically A * ( I P,A = ± 1) fragments while the I~ state produces A *CP,A = 0) fragments, there will be an additional coherence between the A = ± 1,0 sublevels. As opposed to the case discussed before, this coherence depends on the ratio of the photoabsorption amplitudes to the I ~ and I IT states as well as on the relative phase of their corresponding vibrational continuum wave functions. Recently, a quantum mechanical treatment ofH 2 photodissociation in the region of the C( I IT), B( I ~), and B ' ( I ~) states has shown that these coherence effects can produce pronounced oscillations of the LYa fluorescence as a function of the excitation photon energy.9
All the examples discussed up to now concern diatomic molecules and therefore the alignment and orientation of the fragments' electronic angular momenta. Only very recently, rotational angular momentum orientation in a molecular photofragment has been observed. II By photolyzing ICN with circularly polarized light, Zare and co-workers have produced oriented CN fragments. It was found that the degree and sign of the orientation changes as a function of the rotational state N being considered. Low N states the orientation is positive, but for large N it becomes negative. It has been noted by Vigue et al., 12 that the degree of orientation found in these experiments for large N correspond to an average value of I (N z ) I = 7 which is much larger than the unit angular momentum transferred to the molecule by the photon. An elegant model has been proposed by those authors to explain this unexpected result. The excited dissociative state (which corresponds to a ~ state in the collinear configuration) is assumed to acquire some mixed IT character due to the coupling with another state in the same energy region. The coupling is obviously zero at the collinear configuration but nonzero as the molecule bends. As a result of the mixing, it is possible to excite a coherent superposition of the v = 0 and v = I bending states which corresponds to a preferred sense of the rotation of CN within the ICN complex. This effect has been described as a vibronic angular momentum "amplification." 12 Another mechanism for the production of a significant orientation of fragments in highly excited rotation~l states, has been considered by two of us. 10 It involves the coherent excitation of two dissociative states with different helicities (projection of j on the axis joining the centers of mass of the fragments), correlating to the same final state of the fragments. Very recently Yabushita and Morokuma l3 have performed ab initio calculations for the ICN molecule in the ground and in several excited electronic states. Based on these calculations they have proposed that two of their calculated excited electronic states (the 3ITo+ and the IITI ), both of them optically active from the ground state, should be directly involved in the dissociation of ICN in the A continuum. The two excited surfaces are bent and they undergo a conical intersection in the exit valley outside the FranckCondon region. Since the two electronic states are coupled and have different symmetry, it is possible to excite two helicity states for each one of the final state of the fragments. Thus, according to our theory lO the Yabushita and Morokuma potential scheme should also be able to explain the orientation of rotationally excited CN fragments found in the ICN experiment. It is the purpose ofthis paper to investigate numerically this question.
The organization of the paper is as follows. In Sec. II we present the standard quantum mechanical formulas for the orientation of photofragments 2 • 3 • 1 4-18 which apply to diatomics as well as to polyatomic molecules dissociating into two fragments, and we discuss the general conditions for obtaining oriented fragments in highly excited rotational states. In Secs. III and IV we study two simplifying limits, namely, the case where the initial state of the molecule corresponds to zero total angular momentum, and the axial recoil limit. In Sec. V we apply our general expressions to two different models for ICN and we compare with experiments. Finally, Sec. VI is devoted to the conclusions and, in particular, to the comparison between the different models presented in the literature as well as the possible ways in which they may be discriminated.
II. GENERAL THEORY
We shall consider a molecule dissociating into two fragments A and B and we shall denote by R the vector joining the two centers of mass. For simplicity, let us assume that only one fragment carries a nonzero angular momentum (electronic plus rotational), which we shall denote by j. The general case of both fragments having nonzero angular momentum are presented in the Appendix. The general conclusions are not changed by this complication. The total angular momentum of the system is then given by J=j+l, (1) where 1= (lili)RI\V R , is the orbital angular momentum associated to the relative motion of the fragments.
The degree of orientation (J and alignment ,r{ (often also denoted by A 6\} and A 6 2 \ respectively) are defined byls In the framework of the first-order perturbation theory for electric dipole transitions, the partial photodissociation cross section (J" <,jl is given by [16] [17] [18] ,
where ( 
where S is the scattering matrix, and 
where the Y lm (8 R '!,VR) are spherical harmonic functions depending on the polar angles ofR, and the !,Vjm j ({rsc };R) are adiabatic basis functions which asymptotically (Le., for R .... (0) become eigenfunctions of the fragments. We have denoted by {rsc} the collection of all space-fixed (sf) coordinates (electronic, vibrational, and rotational) of the fragments.
In molecular photofragmentation problems it is usually more convenient to calculate the matrix elements of the dipole operator d in a body-fixed (bf) frame with the z axis pointing in the direction ofR. As R .... 00, the projection of J on this axis (the helicity quantum number n) becomes well defined and the continuum wave functions behave as
with (9) where the D -; ';0 (!,V R,8 R'O) are Wigner rotational functions
and Mis the projection of J on the space-fixed Z axis. Notice that !,VjO ({r bC };R) refer now to the body-fixed frame. Since between the space-fixed and the body-fixed basis set there is the relationship16
we can write
Introduction of Eq. (11) into Eq. (4) produces
(10)
which using Eq. (12) can be recast in the form (see Appendix A)
with n;> = I I I (-)i+
being the so-called state multipoles. 14 , IS, 19 Several comments concerning Eqs. (14) and (15) are now in order. From the form given to u <,j) in Eq. (14), it is easy to show that } (l6a)
and therefore the state multi poles T~) are directly related to the partial cross section (K = 0), the degree of orientation (K = 1), and the degree of alignment (K = 2) of the rotational state j. For instance, using Eq. (15) with K = 0 into Eq. (16a) it is obtained (17) to j, expressed in terms of spherical waves in the body-fixed frame. 16 which indeed is the partial photodissociation cross section Similarly, using Eq. ( 15) with K = 1 into Eq. ( 16b) one for production offragments with angular momentum equal gets I which vanishes if only one state with 0 = 0 is excited.
•
3 For a diatomic molecule this would correspond to a }; dissociative state. In this work we are interested in the limit oflargej.
If only one excited state with 0 =1= 0 is populated, then from
(19) we conclude that the degree of orientation should vanish roughly as l/j. We thus expect very little orientation for large j when only one helicity manifold is excited. On the contrary, if two (or more) helicities with ao = ± 1 are excited simultaneously from the same initial state (coherent excitation), we shall have terms in Eq. (18) involving coefficients of the form (20) ( 18) which for j much larger than 0 approaches a constant value l/V2. We conclude that highly oriented molecular fragments such as those observed by Hasselbrink, Waldeck, and Zare in the photodissociation of leN, II can be produced only if two or more helicity states are excited simultaneously. It is interesting to note that this result is not restricted to electric dipole transitions. Equations ( 14) and ( 15) We now go back to Eq. (15) and specify further the wave functions needed to calculate the matrix elements of the transition dipole operator. We expand the final dissociative wave functions \{Ij!!JM in terms of the basis set given in Eq. (9),
Introducing this expansion into the Schrodinger equation it is found that the tp j~{~j on' functions are the solutic;ms of the system of coupled equations,
with the asymptotic boundary condition [see Eq. (8)
It should be noted that in Eqs. (22) the V terms include both potential and nonadiabatic interactions. Similarly, it is convenient to expand the initial eigenstate \{I, in terms of the same molecule-fixed rotational basis set, (24) with the tp ;,~: being determined by a system of coupled equations similar to Eqs. (22).
Using Eqs. (21) and (24), the matrix elements of the electric dipole operator will be given by
where we have defined the reduced matrix elements (JjlldIV0J) = I I ( -)J;-n;(2J + 1)112
rp},n;
are the tensorial components of the polarization vector in the space-fixed frame. In Eq. (26) on the other hand,
are the components of the electric dipole operator in the molecule-fixed frame. Introducing Eq. (28) into Eq. (15) and averaging over M j assuming the molecule is initially randomly oriented, one obtains (see Appendix)
which is the standard expression for the state multi poles in the case of electric dipole transitions. 2, 3, 6, 7, 14, 15 Let us denote by the term within brackets in Eq. (29) which depends only on the polarization of the incident light. From the Wigner coefficient it is clear that K can only take the values 0, 1, and 2 which is the expected result in the case of electric dipole transitions in randomly oriented molecules. The actual values of FK are
p,j36
For linear incident polarized light one can choose the laboratory Z axis in the direction of e and we get
For circular polarization on the other hand, it is convenient to choose the laboratory Z axis along the direction of prop agation of the light. One then has e = + (1Iv1) (ex + iey and FI (e) = ± 1I.,f6,
It is then clear from Eqs. (32) and (33) 
III. ZERO INITIAL TOTAL ANGULAR MOMENTUM
Let us consider the particular case J j = O. Only final states with J = 1,0 = 0, ± 1 will be excited in that case.
From Eq. (26) we have
where KJ,g (R) . (35) Using Eq. (34) into (29), we obtain
where the F K functions are defined in Eqs. (30) and (31) . Using Eq. (36) into Eqs. (16), we finally get
where we have defined the parity adapted matrix elements for a J,
,,'1
We now turn to the study of orientation in the highj limit. From Eq. (37b) we obtain for circularly polarized light (39) where the two signs refer to right and left polarization, respectively. As discussed above in relation to Eq. (18) we note that for largej, orientation can be obtained only if two helicity states are excited simultaneously. In the case studied here we see that M 6) and M ~!~ , have to be coherently excited in order to obtain a non vanishing orientation. This corresponds to the excitation of the two transition dipole moSince .of'}) = (3j~/l-l) and in the classicallimitjz =j sin 0 sin <1>, we obtain 43) which is exactly the result obtained in Eq. (40) using the quantum formalism.
IV. AXIAL RECOIL LIMIT
When J, is different from zero, the general form Eq. (29) together with Eq. (26) should be used to calculate the mUltipoles Tj/ from which the orientation and alignment can be obtained by the use of Eq. ( 16). Equation (29) can be simplified, however, for direct dissociation with large kinetic energies. In this limit (called axial recoil) the molecule dissociates much faster than the time for an overall rotation. This amounts to consider that the dissociation matrix elements Eq. (26) are slowly varying functions of the total angular momentum J and that 0 is a good quantum number. Therefore we shall write ments perpendicular to j (in the case of a triatomic, this would correspond to the excitation of two transitions in the plane of the molecule, i.e., two parallel transitions). We note from Eq. (39) that the orientation can be as large as ! for M{j)=M{j) and M{j) =0 Since (j' ) =j '&{j) and o I' +) I ' -) . Z j~ 1, we can then obtain I (jz) I ~ 1.
It is also interesting to analyze the alignment in the limit j~ 1. For linear incident polarization, we get from Eq. (37c) 14 ,15 This result is also expected in the framework of the classical model. Since j~ 1, and J <j, we shall have 1= -j and therefore j is perpendicular to R. Now for large j, M 6) and M ~ I~) correspond to a parallel transition, i.e., to a transition dipole moment in the plane perpendicular to j and containing R (the plane of the molecule for a triatomic), while M ~ I~) correspond to a transition dipole moment alongj (i.e., perpendicular to the plane of the molecule in the triatomic case). We shall then have for linear polarization along the laboratory Z axis (see Fig. 1 
whereFK(e) has been defined in Eqs. (30) and (31) . Using now Eq. (46) into Eqs. (16a) we obtain (47a) 
v. APPLICATION TO ICN
Recently orientation of the rotational angular momentum of a molecular photofragment has been observed for the first time. I I The system was ICN excited in its first absorption continuum by 249 nm circularly polarized light. The ICN A continuum has been studied by many different experimental techniques 22 -44 and theoretical calculations. 
the energy difference being 7063 em -I (see Fig. 1 ). Aetual- 
where e and <p are the polar angles of the CN internuclear axis r in the molecule-fixed frame, and I fie) is the electronic fragment wave function with fie being the projection of the total electronic angular momentum on the body-fixed R axis. In addition, since experimentally very little vibrational excitation is observed,32 we have frozen the CN internuclear distance at its equilibrium distance. It should be noted however, that there are very interesting dynamical effects associated to the vibrational excitation of eN,29,32,39 which could be studied if potential energy surfaces including the CN vibrational dependence were available. What we need now is to define the excited potential energy surfaces. Recently,13 ab initio calculations for the ICN ground and excited electronic states in the region of the A continuum have been performed. According to these calculations, two electronic excited states are involved in the photofragmentation of ICN when excited in this energy region.
The two states eno + and I n I ) are bent and correlate (diabatically) to I*(2P I/2 ) and Iep 312 ) fragments, respectively, with CN being in its ground electronic state (see Fig. 1 ).
Thus, according to the notation of Eq. (50), the 3no+ and the In l diabatic states correspond to fie = a and fie = 1 quantum numbers, respectively.
Using a two dimensional spline interpolation of the ab initio points calculated by Yabushita and Morokuma l3 we have constructed two diabatic potential energy surfaces. Contour plots of these two surfaces are presented in Fig. 2 . Following Yabushita and Morokuma,13 a linear model at the crossing has been used to calculate the coupling between the two surfaces. We have defined with RIC denoting the C-Idistance (R tc = 2.7 A, being the crossing point) and 0 the bending angle. RIc and 0 are related to the Jacobi coordinates Rand () used in our calculations, by simple trigonometry.53,54 A contour plot of the potential coupling is presented in Fig. 3 . We shall refer to these potential energies and couplings as the two-state model. 
Since for ICN the initial rotational state of the molecule is not supposed to playa significant role in the dissociation dynamics,54 we have performed quantum calculations for the transition from the J i = a level in the ground state to the J = 1 manifold in the excited states. We can therefore use the final expressions presented in Sec. III. The calculations have (22) for the final dissociative wave functions, and evaluating the integral over R in the Franck-Condon approximation. We have neglected the Coriolis couplings between the 0 = 0 and 0 = 1 states induced by the 12 term in Eqs. (22) . The number of coupled equations to be solved simultaneously is reduced by half when using this approximation. A preliminary test calculation has shown that the error introduced is ofthe order ofO.l % at the energy we are interested in (IL = 249 nm corresponds to 14 400 cm -1 excess energy with respect to the lower product channel). Two independent calculations are then performed, one for 0 = 0 and another for 0 = 1. Each one implies the resolution of about 170 coupled equations. The integration was performed from 2.5 to 10 A ina grid of 1500 points. It should be noted that in the framework of the Coriolis decoupling approximation, the sum over 0' in Eq. (35) reduce to only one term with 0' = O. Since, in addition, 0i = 0, we have 0; = 0 and this implies that the 0 = 0 calculation corresponds to the dissociation dynamics associated to the parallel optical transition (Oe = 0) while the 0 = 1 calculation deals with the perpendicular transition Oe = 1 only. This does not necessarily imply that the final Oe is unique for each one of these calculations. Since there are electronic transitions between the two surfaces, an initial parallel transition may produce both Oe = 0 as well as Oe = 1 channels (i.e., both 1* and I atomic fragments).
Since the actual values of the electronic transition dipole moments g; 0 and glare not known we have determined their ratio by fitting the experimental iodine atoms electronic branching ratio 1*/(1 + 1*) = 0.43. 38 • 44 We have found good agreement between theory and experiment with 1 Ii) 0 IIi) 1 12 = 2. In Fig. 4 we present the calculated and observed 39 final rotational state distribution of the CN fragments for excitation at 249 nm. Rather good agreement is obtained. The mechanism for the production of this rotational distribution proposed by Yabushita and Morokuma
J3
is borne out by our calculations. Since the Oe = 0 state has the most favorable Franck-Condon factors and it correlates to 1* (2 PI 12 ) in the collinear configuration, the CN fragments with low rotational excitation (i.e., those which dissociate collinearly) are associated with 1* e P 1/2 ). On the other hand, those produced with intermediate and high N values are the result of transitions from one surface to the other in the bent configuration.
We turn now to the determination of the orientation of the CN rotational angular momentum. Experimentally the orientation has been measured for all CN fragments irrespective of the atomic iodine state.
1 J In order to compare with experiments we then need to average our calculated individual orientations over the 1* and I branching ratios. The results are presented in Fig. 5 together with the experimental points. 11 We note that although the overall behavior of the orientation as a function of N is qualitatively reproduced by the calculations, quantitatively the agreement is not very good, in particular for large N. The reason for this discrepancy could be due to the inaccuracy of the extrapolated potential energy surfaces at angles far from the collinear configuration. Highly rotationally excited fragments, for instance, are likely to explore the potential energy surfaces at large bending angles, where there are no ab initio points available. Also, the angular dependence of the coupling between the two dissociative electronic surfaces is very important in determining the orientation. It is clear that the model coupling we have used is not accurate enough and more ab initio points are needed to improve the two-state model. We have also studied a three-state model which has been proposed recently by Black, Waldeck, and Zare. 44 The three surfaces are labeled with the quantum numbers fie = 0, I, and 2. The fie = 0 surface is optically connected from the ground state and correlates to 1* (2 P l/2 ) fragments. It is coupled to the optically inactive fie = 2 surface which correlates to I (2 Pm ) fragments. These surfaces have been considered before by Goldfield, Houston, and Ezra 61 who performed classical trajectory calculations to study the final state rotational distribution of the CN fragments. Black et al. 44 have found that in order to reconcile all the experimental observations at 249 nm, it was necessary to consider a third state with fie = I carrying oscillator strength from the ground state. This state will then be responsible for the perpendicular component observed in the angular distribution of the lep 312 ) fragments at low N. 44 Therefore, it was assumed that this state is correlated to the I (2 Pm) channel and that it is uncoupled to the other two states. We have chosen functional forms for the potential energy surfaces and couplings very similar to those used by Goldfield et al., 61 namely,
All the parameters are listed in Table I . They have been adjusted such that the final rotational distribution of CN agrees with the experimental results (see Fig. 6 ). Using these potentials we have calculated the degree of orientation of the CN fragments as a function of N. The results are presented in Fig. 7 together with the experimental results. We note that the three states model also reproduce qualitatively the behavior of the orientation as a function of the rotational quantum number. It is therefore possible to build several different models which can equally well explain the production of highly oriented fragments for large N. On the other hand, we have found in our calculations that the actual value of the orientation is very sensitive to details of the potential energy surfaces and couplings and that two models which can both reproduce very well the rotational distribution can give very different degrees of orientation.
VI. CONCLUSIONS
We have studied the degree of orientation of molecular photofragments prod uced in highly excited rotational states. We have shown that the degree of orientation can be unexpectedly large if two or more helicity continua correlating to the same final states of the fragments are excited simultaneously. The helicity is associated to the projection fi of j onto the dissociation coordinate Rjoining the center of mass of the fragments. The simultaneous excitation of continua with different helicity can be achieved in many different ways. If only one excited electronic manifold is populated, then in the framework of the Franck-Condon approximation we require that the transition dipole moment should have parallel and perpendicular components onto R. For nonlinear molecules this is likely to be the rule. For a bent triatomic molecule, for instance, the transition dipole moment should be in the plane of the molecule forming an angle different from 0 and 1T/2 with respect to R. A typical example is provided by NOCI which in the region 620-180 nm has transition dipole moments very nearly parallel to the NCI bond 70 For linear molecules (such as ICN), it is clear that the transition dipole moment lies parallel or perpendicular to R in the collinear configuration. Hence, with only one surface orientation for large j can only be obtained through mixing with another surface of different symmetry. This mixing can only exist out of the collinear configuration and thus for linear molecules it is the contribution of the zero-point bending vibration of the ground state which is responsible for the orientation. This is the mechanism discussed by Vigue et al. 12 Other possible mechanisms for linear triatomic molecules have been studied in this paper. If two excited electronic states with different symmetry (one parallel and the other one perpendicular) are optically connected to the ground state, simultaneous excitation of two helicity states can be obtained (provided the Franck-Condon factors are favorable). This is the situation encountered in the two-state model of ICN advanced by Morokuma and Nabushita.
13
Although the two states are correlated to different final states of the fragments (l + CN and 1* + CN), transitions can occur in the crossing region when the molecule is bent. This ensures that the same final state of the fragments can be obtained with two different helicity states. The two-state model of Morokuma and Yabushita 13 and the mixing mechanism advanced by Vigue et al., 12 are in fact intimately connected. If the crossing point between the two surfaces occurs near the Franck-Condon region, the adiabatic surfaces will then have the mixed transition dipole moment assumed by Vigue et al. This situation is likely to be found in many systems.
In the case ofthe three-state model proposed by Black et al., 44 one of the final states (l + CN) can be produced by simultaneous excitation of the states with fie = 0 and fie = 1. Thus this channel shows orientation forlargejwhile the other one corresponding to 1* + CN has vanishingly small orientation for large j. By measuring selectively the degree of orientation in coincidence with the final state of the iodine atom it would be possible to discriminate between these two models. Another important conclusion of this work is that the degree of orientation is very sensitive to the details of the potential energy surfaces and couplings. In particular, we have found that the two models studied here reproduce very well the fragments' rotational distribution and yet give very different orientational values. Finally, it should be noted that the mechanisms considered here for ICN can apply as well to other systems dissociating into two fragments. In particular, the CICN and BrCN molecules for which there is now experimental and theoretical information available 71 ,n should be amenable to very similar theoretical treatment. Another very interesting system in this context is OCS for which it has been demonstrated that parallel and perpendicular transitions are simultaneously present at a variety of excitation wavelengths.
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APPENDIX: DERIVATION OF THE GENERAL EXPRESSIONS
We consider the general case where the two fragments A and B carry nonzero angular momentaj A andj B, respectively. The orientation and the alignment of fragment A will then be given by ('I'jAmj)sm1Sfm, ld'el'l'iW where j = jA + jB is the total angular momentum of the fragments and I.JI Msimj ~m/ is the wave function defined asymptotically as in Eq. (5). Introducing now the total angular momentum J = j + 1 and the body-fixed wave functions defined in Eqs. (8) and (9) 
which forjB = 0 reduce to Eqs. (14) and (15). Introducing now into Eq. (AI2) the matrix elements defined in Eq. (25), averaging over M; since we assume the molecule is initially randomly oriented, and using Eq. (AlO), we finally get 
T(jA)
=
